We assessed the effect of alcohol, before and after autonomic blockade, on left ventricular (LV) performance in conscious dogs. 10 animals were instrumented to determine LV volume from ultrasonic LV internal dimensions and measure LV pressure with a micromanometer. The animals were studied in the conscious state after full recovery from the operation. Blood alcohol was undetectable before and 67±14 mg/dl (mean±SD) at 20 min after alcohol administration. In response to alcohol, the LV systolic pressure was reduced slightly, the left ventricular end-diastolic pressure increased slightly. The maximum time derivative of LV pressure (dP/dt.) and stroke volume were decreased. The end-systolic volume (VEs), as well as effective arterial elastance, were significantly increased. There was no significant change in heart rate. Variably loaded pressure-volume loops were generated by acute caval occlusion before, immediately, and 20 min after the intravenous infusion of alcohol (0.2 g/kg). Three measures of LV performance were derived from these variably loaded pressure-volume loops: the end-systolic pressure-volume relation; the stroke work-end-diastolic volume relation; and maximum dP/dt-VED relation. The slopes of all three relations were significantly decreased in response to alcohol, and all three relations were shifted toward the right, indicating a depression of LV contractile performance. Similar, but greater depressions of LV performance with alcohol were observed following autonomic blockade. LV performance was restored by infusing dobutamine.
Introduction
Although the myocardial toxicity of chronic, excessive alcohol consumption is well established (1) (2) (3) (4) (5) , the acute cardiac effects of occasional social drinking have not been clearly established. Acute, modest alcohol intake has been variably reported to improve (6, 7) , to have no direct effect (8-1 1) , or to impair (12) (13) (14) (15) left ventricular (LV) performance. Since conventional measures of LV performance are influenced not only by contractile state, but also loading conditions, these conflicting results may be due to the confounding influence of changes in both preload and afterload by alcohol. The influence of loading conditions can be minimized by evaluating LV performance in the pressure-volume plane (16) . Such pressure-volume analysis has not been used to assess the effect of alcohol on LV performance.
Some investigators have proposed that a direct myocardial depression due to alcohol may be offset by sympathetic stimulation (17-21). Because of the confounding effects of anesthesia, artificial respiration, and the stress of an acute surgical procedure, this hypothesis cannot be evaluated in anesthetized experimental preparations. The role ofthe autonomic nervous system in modulating alcohol's effect on LV performance has not been evaluated using load-independent measures of LV performance in conscious animals.
This study was undertaken to assess whether a moderate amount of alcohol produces a depression of LV contractile performance in normal, conscious animals using load-insensitive measures of LV performance derived from variably loaded pressure-volume loops. In addition, we used LV pressure-volume analysis to evaluate the role of the autonomic nervous system in modulating alcohol's influence on LV performance.
Methods
Instrumentation. 10 healthy, adult mongrel dogs (weight 23-30 kg) were instrumented as we have previously described (22-25) under halothane anesthesia (1-2%) induced with rompun (1 mg/lb) and sodium thiopental (6 mg/kg). A sterile, left lateral thoracotomy was performed under general anesthesia with halothane (1-2%). The Effect ofalcohol. Data were initially recorded with the animals lying quietly on their sides without medication to obtain baseline values. Three sets of variably loaded pressure-volume loops were generated by sudden, transient occlusions ofthe cavae. This caused a progressive fall in LV end-systolic pressure, volume, and dP/dt,,, over a 12-s recording period (Fig. 1) . Immediately after the recording period, the caval occlusion was released and hemodynamic parameters were allowed to restabilize. After all parameters returned to their baseline level, 0.2 g/kg body wt alcohol was injected intravenously over 1 min. Both new steady-state recordings and three sets of variably loaded pressure-volume loops were generated immediately, as well as 20 min after the alcohol infusion. Interaction ofalcohol with autonomic nervous system. To assess the interactions of alcohol with autonomic reflexes, the protocol was repeated after administering hexamethonium (5 mg/kg i.v.) and atropine (0.1 mg/kg i.v.) on the following day. The adequacy of the autonomic blockade was confirmed in each animal by a lack of an increase in heart rate after arterial pressure was reduced by > 30 mmHg by caval occlusion.
Effect ofdobutamine after alcohol. A third protocol was performed in three additional animals. After autonomic blockade was produced with hexamethonium and atropine, data were collected before and again after infusing alcohol (as described above). Then dobutamine (5±1 tg/kg per min) was infused and data were collected.
Blood ethyl alcohol determination. Blood samples (5 ml) were taken from a different vein than that used for alcohol infusion before, immediately after, and 20 min after alcohol infusion and analyzed by an enzymatic assay (26) .
Data analysis. The stored digitized data were analyzed by computer algorithm. Baseline hemodynamic values in each dog were obtained by averaging the data obtained during the 12-s steady state, nonintervention recording periods. End-systole was defined as the upper left-hand corner of the LV pressure-volume loop defined using the iterative technique described by Kono et al. (27) . End-diastole was defined as the relative minima following the "a" wave ofthe high-fidelity LV pressure tracing. End-ejection was defined as peak negative dP/dt. The LV volume was calculated as a modified general ellipsoid using the equation: VLv = (Pi/6)DApDsLDLA, where DAP = the anterior-posterior LV dimension, DsL = the septal-lateral LV dimension, and DA = the long axis LV dimension. We have previously evaluated this method of volume calculation (22-24, [28] [29] [30] and it is similar to that used and validated by others (31) , except that we determined endocardial dimensions directly, making the subtraction of LV wall thickness or volume unnecessary. This method of volume calculation gives a consistent measure ofLV volume (r > 0.97, SEE < 2 ml) despite changes in LV loading conditions, chamber configuration and inotropic state. LV stroke work (SW) was calculated by point-by-point integration of the LV pressure-volume loop for each beat as described by Glower et al. (32) . The time-derivative of LV pressure (dP/dt) was calculated using the 5-point LaGrange method (33) . The time constant of relaxation (T) was calculated by fitting LV pressure during isovolumic relaxation to an exponential function with an asymptote (PB): P = Poe-'T + PB, where t = time after dP/dti,, Po, PB, and Tare constants determined by the data. The arterial elastance was calculated as PE/SV (34) .
Only caval occlusions that produced a fall in LV systolic pressure of at least 30 mmHg were analyzed. Premature beats and the subsequent beat were excluded from analysis. Beats occurring after the heart rate had increased by more than 10% of initial value were also excluded.
The LV end-systolic pressure (PEs)-volume (VEs) data during the fall of LV pressure produced by each caval occlusion was fit using the least squares technique to: PEs = EEs(VEs -Vo), where EEs is the slope ofthe linear PES VEs relation, representing the LV end-systolic elastance, and VO is the intercept with the volume axis. The volume (V100) associated with a PEs of 100 was calculated as: V100 = V0 + 100/EEs. The dP/ dtma-end-diastolic volume (VED) and SW-VED relations were quantitated by fitting the data from the same beats from each caval occlusion used to evaluate the PEm VEs relation to: dP/dtm13 = dE/dtmax(VED -Vod/d) and SW = Msw( VED -Vosw). The slope of the dP/dtmaxVE relation, dE/dtm., theoretically represents the maximum rate of change of LV elastance (23, 24, 29) . The position of the dP/dt.-VmED and SW-VED relations were calculated by determining the VED associated with a dP/dt of 2,000 mmHg/s and SW of 2,000 ml * mmHg:
V2,o0,dp/du = Vo,dp/du + 2,000/(dE/dtnw) V2,0oosw = Vobsw + 2,000/Msw.
We used the volumes associated with a PEs of 100 mmHg, dP/dt. of 2,000 mmHg/s and SW of 2,000 ml -mmHg (VI0,V20. ,dP/(, V2,0owsw), and not the volume axis intercepts, to quantitate the positions of the relations. The volume axis intercepts are subject to substantial errors since they require extrapolation outside of the range in which the data are available (16, 35, 36) .
Statistical analysis. The slopes, volume intercepts, and positions of the relations (EEs, V0, Vl00, dE/dtu., V0,dp/dt, V2,joodp/di, Msw, V0osw, and V2,0oosw) for each condition were evaluated as the mean values determined from the three caval occlusions performed under each condition. Results are summarized as the mean±SD and the level of significance was P < 0.05. Multiple comparisons were performed by analysis of variance. Intergroup comparisons were performed by paired t test with an appropriate correction for the performance of multiple comparison using the Bonferroni inequality (37) . Postmortem evaluation. At the conclusion of the studies, the animals were killed with an overdose of pentobarbital and the hearts were examined to confirm the proper positioning of the instrumentation. Table I .
Results
The blood alcohol concentration was undetectable before administering alcohol, and 125±24.6 mg/dl immediately after alcohol. 20 min after alcohol infusion, the blood level was 67±14 mg/dl.
The steady-state hemodynamic data before and after alcohol infusion are summarized in Tables I and II ate a series of variably loaded pressure-volume loops (Fig. 2) .
From these loops were derived the PEs VEs, dP/dftma VED, and SW-VED relations (Figs. 3-5) . The slopes of all three relations, EEs, dE/dtmax, Msw were significantly (P < 0.05) decreased by alcohol (Figs. 3-5 , Tables III and IV) . Furthermore, all three relations were shifted toward the right, manifested by a significant increase in Vo00, V2,oodp/,, and V2,000sw. These changes were apparent both immediately after alcohol and at 20 min. Similar, but more marked changes in the relations with alcohol occurred after autonomic blockade. Figs. 6 and 7 and Tables III and IV demonstrate these hemodynamic effects of alcohol in the LV pressure-volume plane.
The infusion of the dobutamine reversed the depression of LV performance produced by alcohol (Fig. 8, Table V ). All three relations were shifted to the right with a decreased slope in response to alcohol. After dobutamine, all three relations were shifted toward the left with an increase in slope, restoring the relations to their control position and slope.
Discussion
We investigated the acute effect of alcohol on LV contractile performance in conscious animals. The dose of alcohol used was modest, producing a steady-state blood alcohol concentration < 100 mg/dl, below the usual legal definition of intoxication. We assessed LV contractile performance using variably loaded pressure-volume loops, which helps avoid the potentially confounding effects of changes in loading conditions on conventional measures of LV performance used in previous studies. All three measures of LV performance that can be derived from the pressure-volume loops (the PEs-VES, SW VED, and dP/dtm,-VED relations) were shifted to the right with a decrease in slope (Figs. 3-5 ). This indicates that in conscious animals, even modest blood levels of alcohol produce a substantial depression of LV contractile performance.
The depression of LV performance was apparent with intact reflexes, but was more marked after complete autonomic blockade. In addition, alcohol's depression of LV contractile performance could be completely reversed by the infusion of a catecholamine, dobutamine. Thus, it appears that autonomically mediated cardiac stimulation partly offset the direct myocardial depression of alcohol. This effect may be due to central sympathetic stimulation, stimulation of the adrenal medulla or other effects (17-20, [38] [39] [40] .
Our finding of a depression of LV contractile performance by alcohol in conscious animals is consistent with observations of isolated cardiac muscle (17, 41, 42 SW-Ved Relation lations are derived from variably loaded pressure-volume loops, they potentially provide different information concerning LV contractile performance (29, 35, 48 Several potential confounding influences must be taken [he stroke work end-diastolic volume (SW-VED) relation, into account when evaluating the three relations that are dem the loops in Figure 2 .
rived from LV P-V loops in conscious animals. First, the accuracy of the method of volume measurement must be considered. We have previously determined that the use of three I LV performance in the pressure-volume plane.
ultrasonically measured LV internal dimensions provides a asures were used: the PEs-VEs relation; the dP/dtmaconsistent index of LV volume during caval occlusion despite ion; and the SW-VED relation. Although all three rechanges in inotropic state or loading conditions. Second, Su- (16, 35, 36) . In our study, the relation was determined in similar ranges both before and after alcohol administration; thus, possible curvalinearity should not have affected our result. Furthermore, the depression of LV performance was also apparent as a rightward shift ofthe PEs-VEs relation and similar responses ofboth the dP/dtm.-VED and SW-VED relations.
We administered alcohol intravenously in this study. Thus, we obtained a higher immediate blood level than that of oral ingestion of a similar amount of alcohol. However, the blood level at 20 min is comparable to that achieved by oral ingestion of a similar amount of alcohol. It has been demonstrated that the manner in which the ethanol was infused (continuous or intermitted) had no influence on the ultimate response (43). Thus, the blood level at 20 min is comparable to that achieved by oral injection.
The depression of LV contractile performance apparent in conscious animals with alcohol may result from an inhibition of electromechanical coupling at the level of actin-myosin interaction. Such an inhibition has been demonstrated in both skeletal muscle (51) and myocardium (52, 53) . This may result from a depletion of the calcium stores in the sarcoplasmic reticulum (52, 53) . The slowed relaxation we observed may be due to altered reuptake of calcium by the sarcoplasmic reticulum (52, 53) .
In conclusion, we found that even mildly intoxicating levels of alcohol are capable of producing direct myocardial depression in conscious animals. This myocardial depression appears to be partially offset by the autonomically mediated effects. Our findings suggest that patients with impaired LV function should avoid even small amounts of alcohol.
